Cyclic and linear, isoregic and aregic, and isotactic and atactic poly(glycidyl phenyl ether) (PGPE) with molecular weights up to M w =5.5 kg/mol are synthesized by ringopening polymerization of glycidyl phenyl ether. Initiation with tetrabutylammonium fluoride leads to isoregic linear polymers with ∼95% regular linkages, and initiation with B(C 6 F 5 ) 3 and B(C 6 F 5 ) 3 /water leads to aregic cyclic and linear polymers, respectively, with ∼50% regular linkages as quantified by 13 C NMR. Local, segmental, and chain dynamics in PGPE is investigated by broadband dielectric spectroscopy (10 -2 -10 6 Hz). The β-relaxation for linear PGPE is separated into two contributions arising from the motions of side groups and end groups with activation energies of 35.4 and 23.8 kJ/mol, respectively. The β-relaxation process for cyclic PGPE shows the same activation energy as that shown by the side-group contribution in linear PGPE, indicating that topology does not play a key role on the side-group local dynamics.
INTRODUCTION
Physical properties of polymers are directly associated with the microstructure of the main chain, size, and chain topology. Cyclic polymers are a class of topological polymers characterized by the absence of chain ends. 1 They exhibit increased glass transition temperatures (T g ), smaller hydrodynamic volumes, and lower intrinsic viscosities when compared to their linear analogues. Such differences arise from the excess of mobility provided by end-groups in linear chains, the frustration of segmental rotational diffusion in small rings, and the much smaller configurational entropy of cyclic chains compared to their linear analogues. 2 Detailed discussion of the physical and theoretical aspects of cyclic polymers has been reviewed elsewhere. [3] [4] [5] [6] Broadband dielectric spectroscopy (BDS) can be used to probe local, segmental and chain dynamics of polymers having dipole moment components either in the backbone or in the side group. 7 Although this technique provides access to a large dynamic range, very few studies elucidating the effect of cyclic topology on the dynamics have been carried out by BDS, in comparison with other techniques much more utilized such as NMR, 8 rheology, 9, 10 and neutron diffraction techniques. 5, 11 Previous BDS study on the segmental dynamics of cyclic poly(dimethyl siloxane) (PDMS) was carried out by Krist et al. 2 They observed distinct molecular weight dependence of the α-relaxation for cyclic and linear chains in agreement with a calorimetric study on similar polymer carried out by Semlyen et al. 12 The α-relaxation (glass transition temperature, T g , in the work of Semlyen et al. 12 ) of linear chains was observed to shift to lower temperatures with decreasing molecular weight, but for cyclic chains it was observed to shift to higher temperatures.
Poly(glycidyl phenyl ether) (PGPE), a polyether with pendant methoxy phenyl groups, is characterized by large dipole moments. This polymer is able to crystallize when its side groups are ordered in a single orientation with respect to the polymer backbone;
that is the isotactic form of PGPE. 13 However, in its atactic form, PGPE is totally amorphous, making possible a complete characterization of its molecular dynamics in a broad range of temperatures without interference of crystallization. All these convenient characteristics provide an opportunity to investigate the influence of the chain topology and the microstructure on the polymer dynamics in a broad range of frequencies and temperatures.
Herein, we study the relaxation dynamics of cyclic and linear PGPE by means of BDS.
Linear and cyclic PGPE exhibit three dielectric relaxations: β-relaxation, α-relaxation and normal mode (NM). In general, the β-relaxation is related to a specific motion of a group of atoms, either in the polymer backbone, in the side groups and/or in the endgroups; 7 being the latter of relevance in this study. The α-relaxation is originating from segmental-scale motions and the NM is originating from chain motions. 7 The dielectric NM has been used to investigate chain dynamics and chain dimensions in polymers with complex architectures. 14, 15 Some examples include the study of the NM relaxation in star-branched polyisoprene (PI), 16 star-branched polyisoprene-polystyrene (PI-PS) block copolymer, 17 PI confined in nanometer-size pores, 18 PI-PDMS block copolymers 19 and poly(alkylene oxide)s with side chains of different size. 20 Cyclic polymers are expected to have net zero dipole moment due to cancellation of the dipole moment vectors parallel to the chain contour. However, this is only true for isoregic polymers, where all the repeating units are oriented in the same direction, but not for polymers containing regio-irregularities.
Isoregic structures are generated by the formation of head-to-tail (HT) or tail-to-head (TH) linkages during polymerization, whereas aregic structures are generated by the additional formation of head-to-head (HH) and tail-to-tail (TT) linkages. In the ringopening polymerization (ROP) of monosubstituted epoxides, these regio-errors can frequently occur. 21 Enchainment can be produced by (1) attack at the methylene, or (2) attack at the methine (Scheme 1). If only one process occurs, then an isoregic polymer is obtained. If both processes are produced, then an aregic polymer is obtained.
Scheme 1.
Isoregic and aregic polyethers obtained by ring-opening polymerization of monosubstituted epoxides. Enchainment by attack at the methylene (1) and/or attack at the methine (2) .
In the present study, cyclic PGPE is obtained by zwitterionic ring-opening polymerization (ZROP) of glycidyl phenyl ether (GPE) with a Lewis acid catalyst, B(C 6 F 5 ) 3 , in anhydrous conditions, 22 utilizing what is called a ring-expansion polymerization strategy. 23 Linear PGPE was obtaining by using two synthetic pathways:
1) ZROP of GPE with B(C 6 F 5 ) 3 , in the presence of water 22 and 2) anionic ROP of GPE the different synthesized compounds, the following conventions are applied: L is assigned to linear samples and C to cyclic samples. As a subscript, S is assigned to polymers synthesized from optically pure (S)-GPE monomer, and SR, to those synthesized from (S/R)-GPE enantiomers. (A) is assigned to polymers synthesized by anionic ROP and (Z) to polymers synthesized by ZROP. Method-Z: (S)-GPE and (S/R)-GPE were polymerized by initiation with a mixture of B(C 6 F 5 ) 3 and water (hereafter denoted as L S (Z) and L SR (Z) samples, Table 2 ). B(C 6 F 5 ) 3 (4 mg), CH 2 Cl 2 (4 mL), water (0.2 ml) and GPE (1 mL) were added (in this order) to a Schlenk flask under argon atmosphere. After 24 h, the solvent was evaporated, and the remaining liquid (still not viscous) was heated for 24 h at 40 ºC. The crude was dissolved in CH 2 Cl 2 and precipitated in methanol.
Method-A: (S)-GPE and (S/R)-
Synthesis of cyclic PGPE. Cyclic PGPE samples were synthesized by ZROP of (S)-GPE and (S/R)-GPE according to our previously published method 22 (hereafter denoted as C S (Z) and C SR (Z) samples, Table 2 ). All polymerization reactions were performed under argon at room temperature. In a typical experiment, B(C 6 F 5 ) 3 (4 mg), CH 2 Cl 2 (10 mL) and GPE (1 mL) were added (in this order) to a Schlenk flask under argon atmosphere. After 24 h of reaction, 0. Integration of triad signals and quantification of the amounts of regio-irregular linkages are reported in Table 3 . As a result, we obtained that the polymerization mediated by TBAF leads to a high level of regio-regularity (95-97 % of regio-regular linkages) and to a high level of tacticity when the optically pure (S)-GPE monomer is employed. The use of a mixture of (S/R)-GPE enantiomers leads to polymers with similar regioregularity but with an atactic stereoregularity ( Figure S5 ). In contrast, the polymerization mediated by B(C 6 F 5 ) 3 , either in anhydrous or dry conditions, leads to a high level of regio-irregularity, and as a consequence, to the generation of aregic polymers. Table 1 and Entries 5 and 6 of Table 2 ). L S (A) sample was recorded at 50 ºC due to solubility problems at room temperature. 
Crystallinity
The degree of crystallinity (χ C ) of L S (A) was determined to be 34% by XRD ( Figure   S6 ). This is the most crystalline sample of the studied series as expected from its high level of both regicity and tacticity. In contrast to the rest of samples, its physical appearance is a solid powder, which is a qualitative indication of crystallinity. DSC data of L S (A) (Figure 2a) shows four melting processes (T m1 , T m2 , T m3 and T m4 ), which have been interpreted as to be originating from different isomorphic crystallites in isoregic and isotactic PGPE. 13 Table 1 and Entry   7 of Table 2 . 
amorphous samples. ΔH m values of L SR (A) samples were observed to increase slightly with the molecular weight (Table 4) . The degree of crystallinity of L SR (A) and L S (Z) samples was determined from the ΔH m values, estimating that 100 % of crystallinity corresponds to ΔH m = 188 J/g, as obtained from XRD and DSC analysis of L S (A). As a result, χ C of L SR (A) was 7-9 %, whereas that of L S (Z) was only 2 %.
As observed in our PGPE samples, crystallinity is notably reduced in going from L S (A) to L SR (A) as a consequence of the loss of tacticity while keeping similar regicity.
Crystallinity is further reduced in going from L SR (A) to L S (Z) as a consequence of an increase of regio-irregularities. However, in spite of the significant amounts of regioirregular linkages in L S (Z), this sample is the only one of the whole polymer series obtained by ZROP that is able to crystallize, probably due to the presence of small isotactic sequences in the chain. Interestingly, C S (Z), with similar stereo-and regiochemistry to L S (Z), did not show any sign of crystallization. It is likely that structural constraints due to the cyclic chain topology of C S (Z) limit the formation of crystals, which is even more critical at the low levels of crystallinity shown by our samples. Distinctive crystallization behavior has been previously observed for cyclic polytetrahydrofuran (PTHF), 26 and cyclic poly(ε-caprolactone) 27 , 28 compared to their linear counterparts, although with opposite results: cyclic PTHF crystallized at a slower rate than the linear analog and cyclic poly(ε-caprolactone) crystallized at a faster rate than the linear analog.
Glass transition temperature
Glass transition temperature of amorphous PGPE (obtained in all cases from (S/R)-GPE monomer) are plotted as a function of the molecular weight in Figure 3 . In linear PGPE samples of the series L SR (A), the molecular weight dependence of the glass transition temperature can be described by the Kanig-Ueberreiter equation,
where K was found to be 2.3 x 10 -4 mol/kg, and the high molecular weight limiting value, T g ∞ = 282 K. T g of L SR (Z) samples were in good agreement with the fitted curve.
Cyclic PGPE samples showed higher T g than linear samples, as expected in the low molecular weight region. 6 This behavior has been found in other cyclic polymers such Open symbols: Dielectric T g data (T g BDS ) (see the text below). 
Dielectric Relaxations
Figure 4a shows an isochronal representation of ε'' for two L SR (A) samples of different molecular weight, which were firstly dried for 1-2 hours at 420 K within the equipment and subsequently cooled to 130 K by registering isothermically the dielectric spectra every 5 K. Under these experimental conditions, completely dry samples can be measured in amorphous state. We rigorously checked that the relaxation peak associated with water had been removed ( Figure S7 ). In Figure 4a , the loss peaks appearing above ∼274 K are assigned to the α-relaxation and NM relaxation in agreement with previous dielectric relaxation studies of polyethers with pendant aliphatic ether groups such as poly(isopropyl glycidyl ether), poly(n-butyl glycidyl ether) and poly(tert-butyl glycidyl ether). 38 The α-relaxation peak shows a small shift to higher temperatures with the molecular weight, in agreement with the T g differences observed by DSC. The NM peak shows stronger molecular weight dependence, as expected, exhibiting a well-defined peak for the higher molecular weight sample, but strong overlapping with the α-relaxation peak for the lower molecular weight sample. The loss peak appearing at temperatures well below T g is designated as β-relaxation. This relaxation process has been identified in reference 38 as originating from side group rotations. In our PGPE samples, the β-relaxation peak appears at higher temperatures than that in polyethers with pendant aliphatic ether groups, 38 likely due to the bulkier nature of the phenyl side group. The β-relaxation also shows molecular weight dependence as observed by a decrease of intensity with increasing molecular weight at the low temperature side. sample are plotted as a function of the inverse temperature in Figure 4b . The β-relaxation shows Arrhenius temperature dependence, whereas the α-relaxation and the NM show the typical non-Arrhenius behavior. Moreover, the α-relaxation and the NM differ in the temperature dependence, being more separated at high temperatures.
The three dielectric relaxations here described are analyzed in detail in the following sections. Dielectric relaxations at T<T g Figure 5a shows the frequency dependence of the ε'' for L SR (A) of two molecular weights at 170 K. At the high frequency side, the spectra show decreasing intensity with increasing molecular weight, which is undoubtedly attributed to the contributions of end-group motions. At increasing molecular weights, the chain ends become more diluted and their contribution to the β-relaxation is mitigated. To resolve the component peaks of the β-relaxation coming from end-groups (ε'' EG (ω)) and side-groups (ε'' Mw→∞ (ω)), we assumed that, for a given M w , ε'' Mw (ω) can be expressed as: The side-group contribution to the β-relaxation in the L SR (Z) series was also evaluated by using the Equation 2 and the method described above. Interestingly, the resulting side-group contribution for L SR (Z) with M w =5.5 kg/mol (solid line, Figure 6 ) overlaps the data of C SR (Z) with M w =5.2 kg/mol, which suggests that the topology does not play a key role on the side-group local dynamics for sufficiently large rings.
When analyzing the effects of regiostructure on the shape of the side-group contribution to the β-relaxation, we observed that samples with a higher level of regio-regularities exhibit narrower loss peaks, being FWHM Ea 46% for L SR (A) and 52% for L SR (Z). This result confirms the higher homogeneity of the molecular environment for isoregic structures. ε'' As observed in Figure 7 , the NM peak for L SR (A) M w = 4.8 kg/mol is well separated from that of the α-relaxation. To fit the data, the dielectric spectrum was analyzed by using a combination of a NM relaxation function, according to the Rouse model with non-exponential modes, 39 and a Havriliak-Negami (HN) 40 function describing the α-relaxation (see details in the Supplementary Information). To limit the number of fitting parameters, we fixed the shape of the HN function to that corresponding to a Kohlrausch-Williams-Watts function in the time domain (HN-KWW). 41 A dc conductivity contribution was also included in the fitting equation. To minimize the contributions of the β-relaxation in the fit, the data was limited up to frequencies 10 times higher than that of the main peak. The obtained values of the fitting parameters are reported in Table 5 . In the aregic PGPE samples, either linear or cyclic, the presence of slow dielectric contributions from chain modes is not obvious. To confirm the presence of low frequency contributions to the dielectric relaxation peak, dielectric data at two temperatures are compared in Figure 9 for the highest molecular weight L SR (Z) and C SR (Z) samples of each series. This comparison is justified by the fact that the relaxation times of the chain modes and those of the α-relaxation exhibit different temperature dependence, becoming more separated with increasing temperature (see Figure 4b ). The comparison in both samples show a noticeably broadening of the relaxation peaks at the low frequency side for the high-temperature dielectric-loss data, which can be explained by the contribution of short-wavelength chain modes (Schemes 3c and 3d). 
Dielectric relaxations at T>T g (chain modes)
Freq. [Hz] 2.2 3.0 4.8 305 K L SR (A) α NM µ ChM ∝ R e-e → → / µ ChM = 0 → / a) b) c) d) µ NM ∝ R e-e → → µ NM = 0 →
Dielectric relaxations at T>T g (α-relaxation)
The maxima of the whole relaxation peaks correspond well to the α-relaxation times ( Figure 7 ). We have determined the temperature dependence of the relaxation times (τ max ) by selecting the peak maxima for the different samples. The results, plotted in Figure 10 , were fitted to a Vogel-Fulcher-Tammann (VFT) equation:
where τ 0 is the typical vibrational time (fixed to τ 0 = 1x10 -14 s), D is the parameter related to the so-called dynamic fragility (low D corresponds to high dynamic fragility and vice-versa) and T 0 is the so-called Vogel temperature, where the relaxation times would diverge. 7 We found that D=6.1 for all linear samples, independently of the level of regicity and molecular weight, and D=6.4 for cyclic chains. These values are nearly the half of those found for polyethers containing aliphatic side groups. 38 The reduction of the dynamic fragility found for cyclic PGPE (higher D value) compared to linear PGPE would support the interpretation provided in a recent study on the effects of cyclic chain topology on the T g depression in thin PS films, 36 where the authors found much weaker thickness dependence of the T g for cyclic PS compared to linear PS. The significant reduction of the dynamic fragility for cyclic polymers would arise from the reduced configurational entropy of rings relative to linear chains. (6) where the relaxation time defining the dynamic glass transition is fixed to a value of 100s by convention. 7 The obtained evidence that the dynamic fragility of cyclic chains is lower compared to that of linear chains, and that it is independent of both the regicity and the molecular weight.
Owing to regio-errors in cyclic chains, we could detect a low frequency component in the dielectric relaxation originating from short-wavelength internal ring motions. The dielectric relaxation strength in aregic samples is nearly the half of that found for the normal mode relaxation in linear isoregic polymers. In addition, the relaxation time of the low frequency component in aregic samples is shorter than that for a linear isoregic sample of similar M w .
In conclusion, BDS is proved to be a powerful and sensitive tool not only to detect microstructural effects on the molecular dynamics, but also to investigate the molecular dynamics in cyclic polymers, which has not been sufficiently explored to date. In addition to the usual effects of cyclic topology on the glass transition temperature, we detect for first time effects of cyclic topology on the dynamic fragility.
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